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PRELII.IIWARY  RElUmiCS.. 


The  subject  of  this  thesis  was  suggested  to  the 


author  after  being  assigned  the  task  of  designing  a  success- 
ful muffler-  to  be  used  on  a  motorcycle  engine.  After  having 
in  a  measure,  completed  what  was  outlined,  it  was  found  that 
entire  satisfaction  was  lacking  and  further  investigation  of 
the  subject  was  warranted. 


Company,  also  their  Consulting  Engineer,  Mr.  Axel  Levadahl. 
It  was  through  the  efforts  of  the  above  concern,  and  its 
particular  member,  that  a  machine  was  made  available  upon 
which  to  perform  the  tests  required  to  determine  the  results, 
made  clear  in  the  body  of  this  thesis.  Many  thanks  are  due 
Messrs.  J.  C.  Parmely,  M.  E.  Parmely,  and  M.  II,  Parmely  for 
their  hearty  cooperation  and  assistance  in  the  performance  of 
the  tests. 


Many  thanks  are  due  the  Aurora  Autoriiatic  Machinery 


OBJECT      OF      THE      IWESTIGATION . 


The  object  of  first  importance  in  this  thesivS  is 
the  development  of  a  theory  to  be  used  in  the  design  of  gas 
engine  mufflers.  Data  from  tests  of  a  muffler  that  was  designed 
according  to  the  theory  developed  is  then  shovm,  an  attenipt 
being  made  to  determine  the  most  efficient  of  several  types  of 
cross  baffling  employed. 

The  loss  of  power  through  the  use  of  a  poor  muffler 
is  thoroughly  understood  by  everyone,  and  in  the  case  of  a 
motorcycle  engine  it  is  easy  to  design  a  muffler  that  will 
absorb  a  large  percent  of  the  power  output  of  the  motor.  For 
instance,  the  motor  used  by  the  writer  was  rated  at  two  and 
three-fourths  horsepower,  so  that  if  a  muffler  was  employed 
that  absorbed  one-quarter  of  one  horsepower  the  percentage  of 
the  total  power  wasted  in  the  muffler  would  be  considerable. 
The  majority  of  the  mufflers  now  in  use  are  not  designed,  but 
merely  constructed,  it  being  understood  that  a  cut-ou.t  is  to 
be  placed  ahead  of  the  muffler  that  will  allow  the  muffler  to 
be  omitted  at  times  when  the  maximum  power  is  wished  to  be 
developed.  The  silencing  effect  of  the  mufflers  in  use  is  very 
good  in  most  instances,  but  as  stated  before  this  silencing 
effect  is  accomplished  at  the  expense  of  power,  and  it  is  for 
the  purpose  of  designing  a  muffler-  in  which  the  maximum  amount 
of  the  pov/er  of  the  engine  is  obtained  at  times  when  the  muf- 
fler is  in  action  that  this  theory  was  developed. 

Much  more  interesting  data  could  have  been  obtained. 


2. 

had  the  time  afforded,  in  trying  out  a  muffler  of  similar 
design  on  a  stationary  engine  as  well,  however,  let  it  suf- 
fice to  say  that  with  proper  expansion  of  the  exhaust  gases, 
the  noise  may  be  silenced  with  little  back  pressure  regard- 
less of  the  type  of  engine  . 


THEORY. 


A  muffler  is  an  essential  part  of  a  gas  engine  in- 
stallation if  quiet  operation  is  desired.  The  sudden  release 
of  a  body  of  gas  at  a  pressure  normally  of  forty  pounds  above 
the  atmosphere  causes  a  very  disagreeable  and  annoying  noise. 
A  muffler  is  merely  an    enlargement  in  the  exhaust  pipe  to 
allow  for  the  gradual  expansion  of  the  exhaust  gases.  In 
some  instances  the  muffler  is  merely  a  large  cast  or  sheet 
iron  chap.iber  of  suitable  volume,  wliile  in  others  the  one 
large  chainber  is  split  up  into  numerous  small  volumes  by  a 
series  of  baffles.  This  thesis  contains  tests  using  the  lat- 
ter type  of  muffler,  although  the  theory  developed  should 
apply  to  all  types  of  mufflers  in  determining  the  necessary 
volume  for  proper  expansion.  The  dut-y  of  the  baffles  is  to 
separate  the  one  great  noise  into  several  small  noises,  each 
baffle  being  -oierced  with  several  small  holes  to  allow  the 
gas  to  flow  from  one  section  of  the  silencer  to  the  other. 

In  the  case  of  a  high  speed  motor,  such  as  was 
used  in  these  tests,  a  theoretical  indicator  diagram  must 
be  constructed  to  determine  the  pressure  at  which  the  gases 
are  exhausted,  although  wherever  it  is  possible , effort  should 
be  made  to  apply  an  indicator  to  the  engine  cylinder  for  this 
purpose,  i.e.,  the  actual  indicator  diagrajn  is  rec oimiiended  in 
all  cases,  the  theoretical  diagram  being  used  where  the  actual^ 
for  reasons,  is  impossible. 
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The  following  table  gives  the  values  of  the  pressure 

of  the  incoming  gas  at  the  beginning  of  the  compression  stroke, 

for  different  t3'-pes  of  engines :# 

Type  .  Pressure 

#/sq.in.  abs. 

1.  Slow  speed  engines  with  mechanically 

operated  inlet  valves  12.9  to  13.7 

2.  Slow  speed  engines  with  automatically  op- 
erated inlet  valves  12.5  to  13.2 

3.  High  speed  engines  with  mechanically  op- 
erated inlet  valves  11.7  to  12.5 

4.  High  speed  engines  with  automatically  op- 
erated inlet  valves  11.4  to  12,2 

5.  Very  high  speed  engines  with  automatically 

operated  inlet  valves  and  air  cooled  8.8  to  11.0 

Using  the  pressure  denoted  above  for  the  type  of 

engine  at  hand,  the  value  of  the  pressure  at  the  end  of  the 

compression  stroke  is  found  by  the  use  of  the  follov/ing  eq- 
uation: 


in  the  form: 


1 

P  V  •     =  K 


Where : - 

is  the  total  volume  of  the  cylinder. 


7f  From  Carpenter  and  Diederichs  "Internal  Combustion  Engines" 
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is  the  volume  of  the  compression  space, 
P    is  the  pressure  at  the  beginning  of  the  compres- 
sion  stroke, 

is  the  compressioil  pressure, 
r  is  the  ratio  of  the  volumes  as  shovm  in  the 
equation. 

Prom  a  number  of  cards  at  hand  taken  from  the  engines 
operating  on  gasoline  as  fuel,  the  writer  obtained  a  mean  ex- 
plosive pressure  above  atmospheric  pressure  of  four  and  three- 
quarters  tines  the  compression  pressure .  Prom  this  the  follov/- 
ing  equation  determines  the  pressure  at  ignition: 

(  P^  -  14.7  )  X  4.75  =  P^  -  14.7 
c  X 

or, 

P^  =  4.75  Pq  -  55.1  (2) 

Where  P^  is  the  explosion  pressure  in  pounds  per  square  inch 
absolute . 

The  expansion  of  the  gases  in  the  cylinder  follow 

the  laY/ : 

Pe  ^^t''^^  =  K  (3) 

The  constant  K  may  be  found  by  substituting  in  equation  (5) 
the  values  for  P^^  and  Yq  .        is  the  volume  of  the  cylinder 
above  the  piston  when  the  exhaust  starts  to  open,  taken  in 
this  case  as  the  bottom  of  the  stroke. 

Having  determined  the  value  of  the  pressure  at  ex- 
haust in  pounds  per  square  inch  absolute,  the  next  step  is  to 
determine  the  volume  of  the  exhaust  gases  when  expanded  to  at- 
mospheric pressure .  During  the  expansion  in  the  ordinary  type 
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of  muffler,  many  things  might  happen.  Assuming  that  the  expan- 
sion in  this  case  follows  in  a  reversible  cycle,  then  the  cycle 
is  adiabatic,  as  there  is  no  heat  either  entering  or  leaving 
the  gas.  The  saine  is  also  true  if  the  gas  expands  follovving 
along  an  irreversible  cycle,  but  in  this  latter  case  there  is 
v;ork  done  by  the  gas  which  is  expended  in  the  eddy  currents 
present.  This  work  in  this  form  goes  to?;ard  raising  the  temp- 
erature of  the  gases.  To  what  extent  this  action  raises  the 
temperature  can  only  be  assumed  at  present,  and  the  assumption 
is  that  the  temperature  is  kept  constant.  Then,  assuming  that 
this  last  is  true,  the  expansion  of  the  gas  will  follow  the 
law: 

P  V  =  K  (4) 

which  is  the  well  known  law  for  isothermal  expansion.  In 
equation  (4)  tiie  computations  may  be  materially  simplified  if 
the  volume  of  the  cylinder  be  tal:en  as  unity  volmie .  Then  the 
volume  of  the  exhaust  gases  at  atmospheric  pressure  may  be 
determined  by  the  following: 

Va  =        (  -l^-  ) 

^  a 

^a 

as        in  this  case  is  taicen  as  the  whole  cylinder  vol^ime  which 
is  to  be  taken  as  unity  to  simplify  work. 

Having  determined  the  volume  of  the  gas  at  atmos- 
pheric pressure  it  is  now  possible  to  decide  upon  the  size  of 
the  muffler.  In  the  first  place,  however,  a  reduction  of  the 
volume  of  the  muffler  may  be  made  tlirough  the  follOY;ing  man- 
ner.    The  velocity'-  of  the  gases  as  they  are  released  at  exhaust 


is  given  by  the  follov/ing  formula: 

V  =^^2  g  h  (6) 

\ifhere,       v  is  the  velocity  of  the  gases  in  feet  per  second 
and       h  is  the  feet  of  head  of  gas  that  the  gas  is  under 
when  it  is  being  expelled.  This  quantity  is  found 
by  multiplying  the  difference  in  pressure  betv/een 
the  two  bodies  of  gas  by  the  reciprocal  of  the  weight 
of  a  cubic  foot  of  the  gas  when  under  the  initial 
pressure  and  temperature. 
To  determine  the  velocity  of  the  gases  in  feet  per  minute,  mul- 
tiply V  in  the  preceeding  equation  by  sixty. 

The  velocity  at  which  the  piston  travels  may  be  easi- 
ly obtained,  knowing  the  r.p.m.  of  the  motor  or  engine  and  mul- 
tiplying this  by  twice  the  length  of  the  stroke  in  feet.  This 
velocity  is,  of  course,  the  mean  piston  velocity,  and  is  stii- 
ficiently  close  in  most  instances  to  compare  with  the  velocity 
of  the  gas  obtained  by  equation  (4) .  By  this  comparison  it  will 
be  found  that  the  velocity  of  the  released  gases    is  much  more 
than  the  maximum  velocity  of  the  piston  if  the  exhaust  passage 
of  the  engine  is  correctly  designed.  This  fact  then  allows  that 
the  cylinder  volume  of  the  engine  be  used  to  make  up  a  part  of 
the  muffler  volume.  Subtracting  then  one  cylinder  volume  from 
the  volume  obtained  by  the  use  of  equation  (5),  and  multiply- 
ing the  result  by  the  total  volume  of  the  cylinder,  the  volume 
of  the  muffler  proper  is  obtained  in  cubic  inches. 

The  muffler  must  now  be  divided  into  a  number  of 
equal  compartments,  the  number  of  which  depends  upon  the  pres- 
sure of  the  exhaust.  The  pressure  betv/een  onj  two  compartments 
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must  nat  be  sufficient  to  make  the  final  pressure  so  much  less 
than  the  initial  pressure  that  the  stream  of  gas  will  not  re- 
main intact,  i.e.,  so  that  the  stream  of  gas  will  be  diffused 
to  such  an  extent  that  a  great  deal  will  be  lost  in  eddy  cur- 
rents. Beyond  this  point  the  number  of  compartments  lies  wholly 
with  the  judgement  of  the  designer.  More  than  the  required 
number  of  baffles,  however,  raises  the  expense  of  manufacture 
and  should  be  avoided.  The  above  discussion    assumes,  of  course, 
that  expanding  nozzles  are  not  used  in  conducting  the  gas  from 
one  compartment  to  another.  The  usual  number  of  coir^artments 
is  from  tv;o  to  four,  and  all  compartments  are  usually  made 
equal  in  volume . 

After  having  decided  upon  the  number  of  compartments 
to  be  used,  the  pressure  that  is  maintained  in  each  compart- 
ment may  be  determined.  Letting  the  number  of  compartments  to 
be  used  be  represented  by  (s),  the  volume  of  each  compartment 
in  terms  of  the  cylinder  volume  m.ay  be  obtained  by  dividing 
the  volume  of  the  muffler  proper  by  the  number  of  compartments 
in  the  muffler,  ajid  adding  this  value  to  the  volume  up  to  and 
including  the  compartment  under  consideration.  Using  the  vol- 
umes thus  obtained  in  the  following  equation    the  corresponding 
pressure  in  the  com.partment  is  determined. 

^e^e  Pe 

Pml  =  -----  =   (7) 

^ml  ^ml 


Where : - 


Pg  is  the  pressure  at  exhaust  in  pounds  per  square 

inch  absolute, 
Vg  is  the  volume  of  the  cylinder  at  exhaust  tal^en  in 
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this  case  as  unity, 

■^ml'  ^m2'   •   •  •  -^ms  pressure  in  the  first, 

second  and  (s)  compartnent  of  the  muffler  in  pounds 
per  square  inch  absolute, 

"^ml'  "^1112 '  *  *  *  "^ms  volume  of  gas  up  to  and 

including  the  compartment  under  consideration,  in 
terms  of  the  cylinder  volurie. 
The  next  point  to  be  considered  in  the  design  of  the 
ciuffler  is  the  amount  of  gas  that  is  passed  through  each  com- 
partment. Assuming  in  the  first  place  that  the  orifice  in  each 
baffle  is  equal  in  area  to  the  area  of  the  exhaust  passage,  and, 
knowing  the  various  pressure  drops  all  along  the  path  of  the  gas, 
it  is  possible  to  determine  the  flow  of  gas  in  cubic  feet  per 
minute  by  multiplying  the  velocity  of  the  gas  3.s  obtained  by 
the  use  of  equation  (6),  by  sixty  and  also  by  the  area  of  the 
exhaust  passage,  this  latter  to  be  in  square  foot  units,  l\"ow, 
to  releive  all  of  the  back  pressure  on  the  engine,  the  gases 
must  pass  through  the  muffler  at  a  constant  velocity,  so  that 
the  areas  of  the  holes  in  the  baffles  vary  inversely  as  the 
amount  of  gas  passed  through  the  orifice  under  consideration. 
That  is:- 

F 

A^l  =       X  .  (8) 

■^ml 

Where 

Ag  is  the  area  of  the  exhaust  passe.ge, 

\il^  \i2*   •  •      \is       "^"^^  area  of  the  orifice  in 
the  first,  second  or  (s)  baffle,  in  the  same  units 
.that  the  A^  is  given  in. 
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is  the  flow  of  gas  through  the  exhaust  passage 
in  cubic  feet  per  minute, 

■^ml'  ^m2*  •  •  •  -^ms       "^^^  '^■^^^  °^  sa-s  in  cubic  feet 
per  minute  through  the  baffles  one,  t7/o  and  (s), 
as  calculated  assuming  that  the  areas  of  all  of  the 
orifices  v/ere  the  same  as  that  of  the  exhaust 
«  passage. 

The  above  equation  (8)  gives  the  areas  of  the  differ- 
ent orifices  throughout  the  muffler  if  the  total  amount  of  gas 
is  passed  through  each  orifice  at  each  explosion.  This,  however, 
does  not  happen  as  it  will  be  plainly  seen  that  as  the  gas  in 
the  cylinder  is  expanded  into  the  first  compartment  it  is  under 
a  higher  pressure  tlian  the  gas  in  the  last  compsjrtment,  and,as 
all  of  the  compartments  are  equal  in  cubical  dimensions,  the  first 
compartment  will  hold  the  most  gas  due  to  its  higher  pressure. 
It  is  therefore  possible  to  reduce  the  areas  of  the  orifices  in 
the  baffles  in  accordance  with  the  amounts  or  proportion  of  the 
gas  that  is  passed  through  each  baffle  at  each  explosion.  The 
area  of  the  orifice  at  exit  should  never  be  less  than  the  are^ 
of  the  exhaust  passage. 

I-fuff  lers  according  to  this  theory  may  be  designed  hav- 
ing cross  baffles,  or  be  made  having  a  series  of  concentric 
compartments.  This  theory  may  be  said  tp  apply  to  large  gas 
engines  as  well  as  small  high  speed  gasoline  engines,  care 
being  exercised  that  values  for  the  proper  fuels  be  substituted 
in  the  proper  places. 
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CALCULATION    OF    IIUFI'LER    ALOHG-    LIHES  FOLLOWED 
IN    TtlE    PRECEEDING  THEORY. 

The  following  computations  for  a  irruffler  a.re  based 
upon  the  preceeding  theory,  the  engine  that  the  mffler  is 
designed  for  being  a  very  high  speed  motorcycle  engine,  having 
an  automatic  inlet  valve.  The  chief  dimensions  of  the  engine 
are  as  follows : :- 

Bore  2  21/3S  inches 

Stroke  3    1/4  « 

Rated  capacity  2    5/4  horsepov/er 

S^el  Gasoline 

Average  full  load  speed  2600  rev.  per  min. 

Volume  of  piston  displacement  18     cubic  inches 

Volume  of  compression  space  4.56     "  " 
Volume  of  compression  space  plus 

volume  of  piston  displacement  22.56     "  " 
Cross  section  of  exhaust 

tube,  area,  0.571  square  inches 
From  formula  (i)  in  the  theory  section  the  value  of 
Pq  is  as  follows:- 

2?  56       1  3 

Pc  =  10  X  (  )     '=  10  X  7.98  pounds  absolute 

The  explosion  pressure  is  :- 

P^j.  =  4.75  X  79.8  -  55.1  =  379  -  55.1 

=  323.9    pounds  absolute. 
The' pressure  of  the  exhaust  is  obtained  by  means  of 
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formula  (3)  as  follows 

Pe  =  323.9  X  (  g|i=||  )^'^^  =  323.9  x  0.1175 
=  37,95    pounds  absolute. 

From  (4):- 

38 

"Va  =  (  )  X  1  =  2.58  cylinder  volumes. 

The  cubic  contents  of  the  muffler  only  will  be  one 
cylinder  volume  less  than  this,  so  that  in  reducing  the  cubic 
contents  of  the  muffler  to  cubic  inches,  we  have  as  follov/s:- 

1.58  X  22.56  =  35.6  cubic  inches. 
Assuming  an  internal  diameter  of  the  muffler  as  two  and  one- 
half  inches,  the  length  of  the  muffler  will  be:- 

35,6 

 ■        =  7 .25  inches . 

4.9078 

Assume  also  that  four  compartments  are  to  be  usedj  the  volume 

of  each  compartment  is  then:- 

1.58 

 _  =  0.595  cylinder  volumes. 

4 

Then  the  volumes  are  as  follows:- 

Up  to  and  including  first  compartment  1.395  cylinder  volumes 

"     "      "  "         second        "  1.790        "  «» 

"     "      "  "         third         "  2.185        "  " 

"     "      "  "         fourth        "  2.580        "  « 

From  equation  (7)  the  following  pressures  exist  in  the 
different  compartments  of  the  muffler:-  ' 

27.3  p ounds  ab  s  o lu t e 

21.2        "  « 

17.4  "  " 


P      _  38 
"  17595 

Pm2  =  -2?-^ 
1.790 

P     '=  2^ 
.^^  2T185 
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38 

Pm4  =  — =  14:.7  pounds  absolute- 
2.58 

The  difference  in  pressure  between  each  compartment 
is,  of  course,  obtained  by  subtraction. 

The  velocity  of  the  gas  tlirough  an  eleven-sixteenths 
inch  diameter  orifice  is_^  in  this  case,  taken  from  curves  giving 
the  flow  of  air  through  orifices  under  low  differences  of  pres- 
sure. These  curves  are  shown  on  pages  25,  26,  27and  28. --^  The 
following  values  of  the  flow  of  gas  are  found  in  the  above  man- 
ner, being  stated  in  cubic  feet  of  free  gas  per  minute :- 

140    cubic  feet 

^2  70  " 

^mZ  58  " 

Fm4  0  " 

From  equation  (8),  the  areas  of  the  orifices  are:- 

■^ml  =  0.571  X  =  0.553  square  inches, 

A2r2  =  0-371  x  -MP-  =  0.743      "  " 
70 

\i3  =  0.371  X  -IP^  =  0.895       "  " 
oo 

Referring  to  page  10,  in  the  theory  section,  it  v/ill 
be  noticed  that  a  correction  of  the  areas  of  these  orifices  is 
necessary,  as  the  total  amount  of  gas  does  not  pass  through  each 
orifice  at  each  explosion.  Making  this  correction,  the  following 
is  obtained: - 

JL 
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Ami  =  0.555  x  1.58  =  0.875  square  inches 

=  0.743  X  1.185  =  0.88 
\i3  =  0.395  X  0.790  =  0.707     "  " 
The  area  of  the  exit  must  be  the  same  area  as  the  inlet, to  al- 
low for  the  free  passage  of  the  gas  mder  all  conditions,  al- 
though computations  shov;  that  a  much  smaller  orifice  is  in 
reality  required. 

The  diameter  of  the  orifices  is  readily  determined, 
knowing  their  respective  areas,  and  are  as  follows 

1  1/16  inches 
^m2  1  1/16  « 

Dni3  15/16 
Dm4  11/16 
The  above  computations  give  the  dimensions  of  the 
mufflers  as  constructed  for  the  tests  following. 


II 
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THE  TESTS. 


The  tests  contemplated  were  not  completed  in  every 
detail,  as  it  was  the  writer's  intention  to  try  other  loriis 
of  baffling  than  cross  baffles,  but  the  time  spent  in  the  erec- 
tion of  the  apparatus  warranted  the  dispensing  with  other 
tests . 

The  tests  were  conducted  to  determine  the  two  points 
of  interest  in  the  performance  of  a  muffler,  i.e.,  its  silenc- 
ing effect,  and  the  amount  of  back  pressure  put  upon  the  engine 
by  the  interruption  of  the  gases  in  the  muffler.  Tests  were 
made  with  eight  different  types  of  baffles  in  the  same  general 
type  of  cross  baffled  muffler,  and  data  secured  in  order  that 
a  comparision  night  be  drawn  as  to  their  relative  performance. 
An  exit  tube  was  also  fitted  upon  the  muffler  in  each  instance, 
and  its  effect  upon  the  noise  and  back  pressure  noted. 

All  tests  were  made  with  the  engine  operating  at  the 
same  speed  and  load,  as  nearly  as  was  possible  v/ith  such  a 
small  motor. 
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DESCRIPTIOIT      OP      APP/JIATUS . 


The  motor^that  the  muffler  was  attached  to^v/as  made 
by  the  Aurora  Automatic  Machinery  Company,  but  it  is  knovm 
much  better  by  its  trade  name,   "The  Thor  I.Iotor".  The  engine 
and  the  motorcycle  frame  used  are  illustrated  plainly  in  the 
Figures  4    and  5  ,  page  30.  The  dimensions  of  the  motor  are 
given  in  full  on  page  11.  The  motor  was  arranged  in  the  motor- 
cycle frame,  this  offering  the  best  means  of  saichoring  it,  and 
simplifying  the  manner  of  operating  the  motor.  The  motor  was 
geared  to  the  rear  hub  of  the  motorcycle  by  means  of  chains, 
the  rear  hub  being  stripped  of  its  rim  and  spokes.  A  wooden 
pulley  was  fitted  to  the  rear  hub,  the  pulley  being  used  to 
drive  a  blov/er  which  was  located  at  the  rear  of  the  machine. 
The  blower  was  belt  driven  and  is  not  sho\7n  in  the  views  of 
the  apparatus.  The  air  from  the  blower  was  conducted  to  the 
cylinder  of  the  motor  where  it  served  for  cooling  purposes. 

The  m.uffler  was  constructed  in  the  shops  of  the 
University  of  Illinois,  by  the  writer.  It  was  made  in  such 
a  manner  as  to  facilitate  the  changing  of  the  baffles  with 
the  least  amount  of  work.  The  main  body  of  the  muffler  was 
m.ade  of  short  sections  of  two  and  one-half  inch  pipe.  Between 
the  sections  of  the  pipe  were  inserted  the  baffles,  the  whole 
being  held  together  by  means  of  four  bolts.  The  muffler  is 
shown  in  cross  section  in  Figure  1,  page  31.  The  different 
types  of  baffles  used  are  shown  in  Figures  2  and  3,  page  31. 
As  stated  previously,  the  muffler  was  fitted  with  an  exit 
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tube,  this  tube  being  of  the  same  cross  sectional  area  as  the 
exhaust  tube  and  eighteen  inches  in  length.  The  extreme  end  of 
the  tube  was  flattened,  making  the  cross  sectional  shape  that 
of  an  ellipse. 

Ahead  of  the  muffler,  and  just  outside  of  the  engine, 
the  pressure  of  the  exhaust  was  obtained.  A  one-eighth  inch 
hole  was  drilled  into  the  tube  at  this  point  and  connection 
with  a  gage  made  through  a  pliable  copper  tube.  The  gage  used 
was  a  combined  pressure  and  vacuum  gage  and  the  tube  used  as 
the  pressure  conveyor  was  filled  with  gas  engine  cylinder  oil 
to  protect  it  from  error  due  to  the  hot  exhaust  gases.  The 
gage  was  well  calibrated,  both  on  the  pressure  and  vacuum 
scales,  before  the  tests  were  made.  An  illustration  of  this 
portion  of  the  apparatus  will  be  found  in  Figure  5,  page  30. 

The  silencing  effect  was  compared  through  readings 
taken  by  means  of  tv/o  telephone  receivers  a.rranged  as  shown  in 
Figure  6,  page  32.  The  telephone  receiver  S  was  located  in  the 
vicinity  of  the  motor  and  was  arranged  in  such  a  manner  that 
it  could  be  readily  m.oved  relatively  to  the  muffler.  The  tele- 
phone receiver  G  was  located  in  an  isolated  building,  remote 
from  the  motor,  so  that  all  of  the  noise  that  was  heard  in  the 
vicinity  of  the  receiver  G  came  through  the  receiver  itself.  The 
resistance    R  was    shunted  across  the  terminals  of  receiver  C, 
this  resistance  remaining  constant  throughout  all  of  the  tests. 

An  observer  was  stationed  at  the  receiver  G  and  the 
motor  operator  moved  the  receiver  S  relative  to  the  muffler 
until  the  sound  of  the  running  of  the  engine  was  extinct  at 
the  receiver  C  .  While  the  observer  at  G  could  hear  the  engine 
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the  electric  bell  B  was  made  to  ring,  but  upon  extinction  of 
the  noise  the  signal  was  stopped,  the  receiver  S  brought  back 
into  hearing  distance  again,  and  the  same  operation  repeated, 
a  reading  of  the  distance  of  the  receiver  S  from  the  muffler 
being  taken  at  each  time  and  an  average  set  dovm  on  the  data 
sheet.  Care  was  taken  that  all  of  the  sound  readings  were  ob- 
served under  similar  conditions,  most  especially  by  the  same 
observers.  The  ear  is  the  most  sensitive  organ  of  the  hum.an 
anatony  and  the  variation  in  the  hearing  of  any  two  individ- 
uals is  suprising.  With  the  same  observer  and  similar  condit- 
ions, however,  it  was  possible  to  obtain  comparative  results 
in  this  manner.  A  reading  of  the  back  pressure  on  the  engine 
v;as  talcen  for  each  test. 
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DESCRIPTION    OF    IIUFFLERS  TESTED. 


All  mufflers  tested  t;ere  equipped  with  cross  baffles, 
and  differed  only  in  the  type  of  baffle  employed. 

IviUPFLER  NO.  1:-    The  inuffler  designated  in  this  man- 
ner in  the  data  sheet,  and  elsewhere  in  this  thesis,  refers  to 
a  muffler  employing  baffles  such  as  are  shown  in  Figure  1, 
page  31.  The  muffler  was  also  provided  with  an  exit  tube. 

IfUFFLER  NO.  2:-    A  muffler  employing  a  baffle  of  the 
same  type  as  No.  1,  but  having  the  exit  tube  detached. 

IIUFPLER  NO.  S:-    A  muffler  having  a  plain  flat  baf- 
fle with  one  large  orifice,  similar  to  that  sho\?n  in  Figure  2, 
page  31.  Exit  tube  attached. 

irUPPLER  NO.  4:-    Similar  to  No.  3  with  exit  tube  de- 
tached. 

IHJPFLER  NO.  5:-    A  muffler  employing  a  baffle  pier- 
ced with  many  small  holes  in  place  of  one  large  orifice.  The 
holes  in  this  particular  instance  were  one-quarter  inch  in 
diameter.  Exit  tube  attached.  This  muffler  has  been  referred  to 
as  the  pepper  box  type  in  this  thesis. 

l.IUFPLER  NO.  6:-    Same  as  No.  5  with  exit  tube  detached. 

MUFFLER  NO.  7:-    Similar  to  No.  3  but  having  a  con- 
vex baffle.  Exit  tube  attached. 

IvIUFFLER  NO.  8:-    Same  as  No.  7  with  exit  tube  de- 
tached. 
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5 
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1.00 
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1 

5 
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.40 
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^6  10 

2 

5 

11'-  0" 

.30 
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3 

5 

11 '-10 " 

.20 
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45.30 

4 

5 

14'-  2" 

.20 
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21.50 

5 

5 

11'-  4" 

1.30 

128.8 

49.70 

6 

5 

12'-  0" 

.20 
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43.75 

7 

5 

13'-  2" 

.20 

173.5 

32.20 

8 

5 

15'-  3" 

.20 

176.0 

31.20 
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CALCULATION    OF    RESULTS . 


Basing  the  silencing  efficiency  upon  the  noise  pro- 
duced v/hen  no  muffler  was  used,  the  following  calculation  was 
used  to  determine  the  efficiency  of  the  muffler  as  a  silencer 


Where 

D  is  the  distance  of  the  receiver  S  from  the  end  of 
the  muffler  tube  upon  extinction  of  the  sound  of  the  engine  at 
the  receiver  C  for  the  case  where  there  was  no  muffler  used. 

d  is  the  same  as  D  only  that  the  distance  in  this 
case  is  that  measured  when  there  was  a  muffler  used. 

IT  is  the  percent  efficiency  of  the  muffler  and  is  in 
reality  the  percent  loud  that  the  nmffler  is,  basing  the  per- 
centage upon  no  muffler  as  one  hundred  percent. 
Sample  calculation :- 

For  the  pepper  box  type  of  baffles  having  the  exit 
tube  attached: - 


16^  -  11. 35^ 
16^ 


X  100  = 


256  -  128.8 


256 


X  100  =  49.70  percent 


RESULTS      MB  CONCLUSIONS. 


Perhaps  it  would,  be  well  to  describe  some  of  the  in- 
cidents of  the  tests  before  proceeding  with  the  results  and  the 
conclusions  to  be  drawn.  As  the  motor  was  first  set  up,  the 
blower  used  was  found  unable  to  supply  the  required  amount  of 
air  for  cooling  purposes  and  also  the  power  required  to  drive 
it  was  too  insignificant  for  the  motor  to  supply,  and  conse- 
quently close  regulation  of  the  motor  was  impossible.  This 
difficulty  was,  in  a  measure,  overcome  by  installing  a  larger 
blower  and  the  tests  were  continued. 

Another  trouble  that  confronted  the  writer  was  the 
noise  made  by  the  chains  ajid  the  valves,  these  noises  being 
foreign  to  the  muffler  and  therefore  undesireable  and  detri- 
mental to  the  conclusions  to  be  drawn.  After  many  trials  it 
was  decided  that  in  every  instance  the  last  noise  to  become 
extinct,  at  the  remote  receiver, was  the  noise  of  the  exhaust, 
all  other  noises  having  been  eliminated  at  a  shorter  rajige. 
The  noise  heard  at  the  remote  receiver  when  S  was  at  close 
range  was  a  hunmiing  sound.  Just  before  the  final  extinction, 
however,  this  sound  was  supplem^ented  by  the  distinct  purr  of 
the  exhaust,  indicating  that  all  other  noises  had  been  elim- 
inated. All  of  the  tests  were  run  in  the  evening  when  the  lab- 
oratory was  quiet. 

From  Physics  we  find  that  the  intensity  of  sound 
varies  inversely  as  the  square  of  the  distajice,  this  being 
true  when  the  source  of  sound  can  be  considered  as  a  point. 
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In  this  instance  the  distances  averaged  around  eleven  feet 
and  the  orifice  from  which  the  soimd  was  emitted  v/as  only 
eleven-sixteenths  of  an  inch  in  diameter,  so  that  compara- 
tively, the  source  of  sound  was  a  point  and  the  above  law 
was  considered  applicable  in  this  case. 

The  pressure  registered  by  the  gage  placed  just  in 
front  of  the  muffler  was  found  in  each  case  to  be  negative 
gage  pressure,  i.e.,  a  vacuum  was  formed  at  this  point.  From 
this  fact  the  following  inference  was  drawn:  all  of  the  static 
head  of  the  exhaust  was  converted  into  velocity  head  by  the 
time  that  the  gases  reached  the  exhaust  tube.  It  v;ould  be 
absurd  to  attempt  to  chech  up  the  pressure  of  exhaust  as  found 
by  calculation  on  page  12,  with  this  value  as  the  loss  due  to 
wire  drawing  and  friction  in  the  exhaust  passage  could  only  be 
determined  with  great  difficulty,  and  certainly  could  not  be 
obtained  with  the  apparatus  at  hand,  as  a  high  speed  gas  engine 
indicator  is  a  necessity. .  Had  the  proper  indicator  been  sup- 
plied, the  pressures  as  obtained  from  the  card  would  have  made 
an  interesting  discussion  possible,  however,  those  presented 
in  the  data  are  all  that  are  necessary  for  comparative  results. 

The  type  of  muffler  that  imposed  the  least  back  pres- 
sure upon  the  engine  was  found  to  be  a  convex  cross  baffle, 
the  orifice  provided  being  split  up  into  many  small  openings. 
This  t^Tpe  is  referred  to  in  the  data  sheet  as  number  5.  While 
in  this  type  of  muffler  the  silencing  efficiency  was  not  as 
great  as  in  some  of  the  other  types,  it  is  thought  adviseable 
in  this  instance  to  sacrifice  a  little  in  noise  rather  than 
increase  the  back  pressure,  as  the  weight  carried  is  the  most 
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important  item  in  the  case  of  the  motorcycle  and  all  the 
power  in  the  machine  must  be  available, 

A  full  list  of  the  results  will  be  more  readil^'-  ob- 
tained by  glancing  at  the  data  sheet,  page  20.  It  will  be 
seen  that  the  back  pressure  in  the  case  of  muffler  number  5 
was  even  less  than  that  when  no  muffler  was  used.  From  the 
results  obtained  it  was  found  to  be  perfectly  possible  to 
design  a  mffler  that  expands  the  gases  to  atmospheric  pres- 
sure, or  nearly  so,  without  causing  back  pressure,  at  least 
no  more  than  is  present  with  no  muffler  and  it  has  been  proven 
that  even  less  back  pressure  than  is  present  with  the  muffler 
cut  out,  is  obtainable. 
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